The relative enthalpies of melts in the system KF -K 2 NbF 7 were measured by drop-calorimetry at the temperatures 1058, 1140 and 1208 K as a function of composition. Heat capacities of melted mixtures and enthalpies of mixing were determined using the experimental data. The molar heat capacity of melts diverges slightly from additivity. The molar enthalpy of mixing of melts shows small negative deviation from ideality which decreases with decreasing temperature. The thermal effect at mixing was assigned predominantly to association reactions producing more complex fluoroniobate anions.
Introduction
The system KF -K 2 NbF 7 is an important subsystem of several molten salt electrolytes employed in the electrowinning or electrorefining of niobium. From the number of fluoride and fluoride -chloride melts used for niobium electroreduction the systems LiF -KF -K 2 NbF 7 and KCl -KF -K 2 NbF 7 [1] [2] [3] are notable. Molten salts electrolysis provides niobium metal with high purity, desired for applications in chemical industry, metallurgy, superconductors, composite materials, nuclear technology, aerospace industry, etc. [4] .
The phase diagram of the KF -K 2 NbF 7 system was reported in ref. [5] [6] [7] [8] . The congruently melting compound K 3 NbF 8 is formed in this system. Depending on authors, the published melting points of this substance varied from 760 to 770°C. Two eutectic points were reported in the published phase diagrams. The first one has composition in the range of 23 -26.5 mol% of K 2 NbF 7 and melting temperature in the range of 717 -724°C. The second one with composition close to 81 mol% of K 2 NbF 7 has melting temperature in the range of 695 -708°C. The published melting points of K 2 NbF 7 are in the range of 720 -740°C [5] [6] [7] [8] . The wide spread of the published data is probably due to the contamination of samples with oxygen bearing impurities. Particularly the contamination of niobium containing melts due to the presence of moisture or traces of oxygen in a gaseous atmosphere over them is difficult to avoid [9] . From the phase diagrams of the LiF -K 2 NbF 7 and KCl -K 2 NbF 7 systems, the enthalpy of fusion of K 2 NbF 7 was estimated to be 70.5 kJ mol -1 [10] . Later the value of (38 ± 1) kJ mol -1 was measured by the DSC [11] . Similarly, the estimated value of the enthalpy of fusion of K 3 NbF 8 , 98.6 kJ mol -1 [10] , was corrected later calorimetrically to be (57 ± 2) kJ mol -1 by DSC [11] and to be (60 ± 3) kJ mol -1 by drop calorimetry [12] . No previous measurements of the mixing enthalpy in this system have been reported in literature so far. The mixing volume in the LiF -KF -K 2 NbF 7 system was reported in [13] . In ref. [10] the molar excess Gibbs energy of mixing in the LiF -KF -K 2 NbF 7 system was calculated by fitting a Margules type model to the phase diagram data, using the above mentioned incorrectly estimated enthalpies of fusion of the pure components K 2 NbF 7 and K 3 NbF 8 .
For better understanding of the mechanism of electrolysis, it is important to clarify the structural properties, mainly the ionic composition of the molten electrolyte. The thermodynamic properties of molten components and melted mixtures in the electrolyte systems, along with other physico-chemical properties of the melts, like density, viscosity, etc. may provide important information in this aspect. The thermodynamic properties of mixing of melted components with common cations reflect the anionic interactions during mixing and make it possible to draw indirect conclusions about the chemical reactions and the structural changes of the ionic constituents in the melts. The aim of the present study is to determine the enthalpic properties of liquids in the KF -K 2 NbF 7 system as a function of composition and temperature and to compare particular conclusions from this analysis with conclusions from studies of density, viscosity, surface tension, phase analyses and spectroscopic investigations. This data along with recently published calorimetrically determined enthalpy of fusion data for K 2 NbF 7 [11] and K 3 NbF 8 [11, 12] also contribute to improving the consistency of the thermodynamic properties and phase equilibria in this system.
Experimental Procedures
The commercially available analytical grade KF·2H 2 O (Lachema) was vacuum-dried for 100 h at 200°C. K 2 NbF 7 was obtained from the Institute of Chemistry and Technology of Rare Elements and Minerals, Russian Academy of Sciences, Apatity, Russia. 99.5 wt% purity was quoted by the supplier. The X-ray powder diffraction pattern showed only lines characteristic of K 2 NbF 7 . The substance was dried under normal pressure at 110°C during the night. Thereafter both substances were kept under dry nitrogen in a glove box, in which further manipulation was carried out. The calorimetric experiments were carried out with the samples placed in hermetically closed crucibles made of PtRh 10% alloy with welded lids. The substances were loaded into the crucible in the glove box through a small hole drilled in the welded lid. The hole was then closed by soldering with gold. This procedure needs far lower temperature than welding of the cover after loading of the sample into the opened crucible. In this case the sample would melt untimely. The final weight of the mixture was about 1 g and both components were weighed to 0.001 g accuracy. The weight of the crucible with the sample was about 3.8 g. The samples in hermetically closed crucibles were then premelted for 3 h at 1238 K to homogenise the melt and to check the tightness of the crucibles. Then they were cooled down slowly to ambient temperature. The tightness of the crucibles was checked again by weighing after each calorimetric experiment.
The PtRh10 crucibles with lids are delivered in series with uniform composition guaranteed by the supplier. For each series the temperature dependence of the heat content is determined by separate measurements with empty crucibles. The measured "apparent" specific heat of the crucibles reflects specific heat of the material and heat losses of the crucible due to radiation during the drop from the furnace into the calorimetric block [14] .
No foreign phases except K 3 NbF 8 were identified in the solidified melts by X-ray diffraction. However, weak IR vibration bands, which were observed slightly above 900 cm -1 , may indicate the presence of oxofluoroniobates that probably got into the melt with K 2 NbF 7 . However, we suppose that the presence of the small amounts of oxygen impurities in the melt does not affect the enthalpy of the melt to a degree that exceeds the experimental error of drop calorimetry.
The molar relative enthalpy H rel = H(T) -H(298 K) has been measured by the use of an isoperibolic high temperature drop calorimeter described in detail earlier [14] . The calorimetric experiment starts with annealing of the sample in the calorimetric furnace. After at least one hour of heating at constant temperature the sample is dropped into a calorimetric copper block in which the heat released is measured. The surrounding jacket of the block is kept at constant temperature 298 K and stabilised to ±0.003 K by a battery of thermostats. The whole calorimetric equipment is placed in a separate room tempered to 25 ± 0.3°C. The temperature increase of the calorimetric block is measured with a Wheatston bridge consisting of two temperature dependent and two temperature independent resistors made of copper wire and manganine wire, respectively. The windings of the resistors are placed in a groove at the surface of the block. The output voltage of the bridge varies linearly with temperature. The temperature sensitivity of the measuring system is about 600 µV K -1 . The heat capacity of the calorimetric system is determined by calibration using the calorimetric standard -sapphire, and using electric energy. For electrical calibration a special precise manganine resistor is placed in the block. The enthalpy is measured as the amount of heat transferred from the block to its surroundings, as the block cools down to its base line temperature. It is determined by evaluating the temperature difference between the block and its surroundings as a function of time. After dropping the sample the temperature of the block is recorded for approximately 1 h. The evaluation of the amount of heat is performed in two sections. In the first one, immediately after dropping of the sample, numerical integration is used. Thereafter the exponential decay function is fitted to the rest of the measured data and the amount of heat is calculated by integration of the fitted function. The evaluation method is described in detail in [15] . The heat measured corresponds to the enthalpy difference between the two equilibrium states of the sample at the temperatures T and 298 K. The typical measured enthalpy is 1 -4 kJ, the typical relative error of a single measurement is about 0.3%.
Results and Discussion
The molar relative enthalpies of melts in the KF -K 2 NbF 7 system with mole fractions of K 2 NbF 7 , x(K 2 NbF 7 ) = 0.2, 0.4, 0.5, 0.6, 0.8 and of the pure K 2 NbF 7 melt were measured at the temperatures 1058 K, 1140 K and 1208 K. At the selected temperatures all the samples were completely melted. The arithmetic means of the data from 3 or 4 repeated measurements are summarized in Table 1 . The standard errors of the arithmetic means, estimated considering Student's coefficient are 1.1 -2.9 kJ mol -1 . The composition dependences of the molar relative enthalpy have been evaluated in the form of second order polynomials by least squares fits of the experimental data. The second order polynomials fit the experimental data better than straight lines at all three temperatures, indicating that some deviation from ideality occurs at formation of solutions. The regression equations obtained are as follows The regression coefficients in these equations are given in parentheses along with their standard deviations. By the error propagation law, the uncertainty of the relative enthalpy calculated by the use of equations (1), (2) and (3) depends on the composition of the melt. Using variances and covariances of coefficients of the equations (1), (2) and (3) it may thus be calculated for arbitrary composition of the melt, including pure components KF and K 2 NbF 7 . This was employed later for evaluating the uncertainties of the enthalpy of mixing. The highest values of σ(H rel ) from the whole composition interval are given with each equation. The variations of the molar relative enthalpy with composition are presented in Fig. 2 .
The available experimental data allowed examination of the temperature dependences of the relative enthalpy and also determination of the heat capacities of the melts. The straight line fits of the measured enthalpy data versus temperature are shown in Fig. 3 The molar heat capacity of the melt determined from the straight line fits of the measured enthalpy data vs. temperature is presented in Fig. 4 . The evaluated C p data, show negative deviation from additivity. Sometimes it is useful to integrate both temperature and composition dependence of the relative enthalpy into one equation. The relation (4) was used in the present study:
The parameters a, b, c, d and e obtained by multiple least squares regression analysis of the measured enthalpy data are in Table 2 .
For calculation of the molar enthalpy of mixing, the measured enthalpies of melted mixtures, the measured enthalpies of the K 2 NbF 7 melt, and the relative enthalpies of liquid KF were used. For liquid KF at 1140 and 1208 K the data from [16] were used. The enthalpy of supercooled melt of KF at 1058 K was obtained using equation (1) by extrapolation to the x(K 2 NbF 7 ) = 0. Within the experimental error of calorimetry extrapolated values from equations (1), (2) and (3) for x(K 2 NbF 7 ) = 0 fit well with the relative enthalpy of KF as given in [16] . The evaluated enthalpies of mixing are plotted in Fig. 5 .
The mixing enthalpy is obtained as a relatively small difference between the quite large values of the relative enthalpies. As a result the uncertainty is quite large. Therefore, a rigorous analysis of errors is necessary to judge whether the obtained results are relevant, or not. The uncertainties of the determined values of enthalpies of mixing were quantified by the relation (5) where, s(H rel (melt)), s(H rel (K 2 NbF 7 )) and s(H rel (KF)) are the standard deviations of the enthalpies of melted mixture, K 2 NbF 7 melt and KF melt, respectively. These quantities were determined utilizing the composition dependence of the standard deviation of the molar relative enthalpy calculated by the use of variances and covariances of regression coefficients, as mentioned above. The analysis shows that σ(∆ mix H) of individual ∆ mix H data points increases with increasing temperature. It changes from 0.4 to 0.6 kJ mol -1 at 1058 K, from 0.6 to 1.0 kJ mol -1 at 1140 K, and from 0.9 to 1.4 kJ mol -1 at 1208 K. The standard deviations ±σ(∆ mix H) according to equation (5) Figure 5 . Enthalpy of mixing of melts in the system KF -K 2 NbF 7 . Circles -1058 K, squares -1140 K and diamonds -1208 K. Curves equation (6), Table 3 . 
was selected. The regression coefficients and their standard deviations, obtained by the least squares fits of the enthalpy of mixing values by the use of equation (6) are summarized in Table 3 .
Although the relative errors of the enthalpy of mixing at its maximal value at x(K 2 NbF 7 ) ≈ 0.66 are quite large (20% at 1208 K, 24% at 1140 K and 31% at 1058 K), they nevertheless confirm that the negative deviation from ideality, as shown in Figs. 4 and 5 , is significant and that the investigated melts show nonideal behavior.
The combined temperature and composition dependence of the mixing enthalpy was obtained by multiple least squares regression analysis of the evaluated mixing enthalpy data applying the equation as follows:
The adjusted parameters a, b, c and d are summarised in Table 4 . Using Margules type model for excess Gibbs energy of mixing ( )
where W 1 and W 2 are Margules parameters and x A and x B are mole fractions of components, and assuming regular behavior of the melt, activities of components have been calculated. The results are shown in Fig. 6 .
It is frequently believed [4, 13, 17 ] that due to the existence of the K 3 NbF 8 compound in the solid state there is a tendency to form NbF 8 3-anion complexes also in the alkali-fluoride-niobium melts, according to the scheme NbF 7 2-+ F -= NbF 8 3-
(A) The observed deviations of some physico-chemical properties from ideality are often attributed to this phenomenon [4, 13, 17, 18, 19] . The contribution of this process to the enthalpy of mixing is, however, limited by the dissociation of the NbF 8 3-anion. The degree of dissociation of this anion reaches up to 44 -55% at 1100 K [4, 13, 19] . With increasing temperature the degree of dissociation increases and the influence of the reaction (A) on the thermal effect of mixing decreases.
Another factor which may influence the enthalpy of mixing substantially is the enthalpy of formation of the reaction products and its temperature dependence. Due to the assumption that only weak bounded species with strong tendency to dissociation are produced one may expect that corresponding thermal effect is small. As a result the energetic effect of the mixing is low. Rapid change in the formation enthalpy of association complexes in the melt, however, may compensate or even overcome the influence of the increasing degree of dissociation and become dominant in determining the character of the temperature dependence of the enthalpy of mixing.
The curves of enthalpy of mixing are not symmetrical. Minima are shifted to the K 2 NbF 7 rich side of the system and located near composition of about x(K 2 NbF 7 ) = 0.66. This may indicate that the ionic composition of the melt is more complicated than that represented by scheme (A). Complexes with higher molar ratio of niobium to fluorine with respect to NbF 8 3- and NbF 7 2-may occur in the melt. Formation of NbF 6 -may be suggested depending on the amount of the KF in the system and the temperature.
The direct ionic structure studies dealing with oxide free or low oxide niobium alkali-fluorine melts are quite rare. As far as we know, the spectroscopic study of the K 2 NbF 7 -KF melts is not available. Most of the published data concern Nb(V) fluoro and oxofluoro systems in LiF -NaF -KF eutectic (FLiNaK) media. The results show that the composition of fluoroniobate complexes is strongly influenced by ionic composition of the surroundings and by the presence and amount of oxygen. Short summary of Raman and IR spectroscopy results may be found in the discussion in ref. [20] . In this study, similarly as in most other ones [21] [22] [23] , NbF 7 2-anions with similar symmetry as in the solid were confirmed as predominant species in the FLiNaK low oxide melts. Andersen et al. in the direct FTIR and Raman spectroscopic study [23] even reported that in solution of Nb(V) in LiF -NaF -KF eutectic NbF 7 2-was the only Nb(V) all-fluoro complex present in the molten state at 600°C and in the solidified state. The presence of NbF n (5-n)-type complexes was suggested in the melts with low O/Nb ratio by the same authors [23] . Keller [24] found NbF 6 -complex in K 2 NbF 7 dissolved in HF by Raman and IR spectroscopy. The same species was found by Agulynsky and Besenova [25] in K 2 NbF 7 melt at 800°C. On the other hand, the presence of NbF 6 -in FLiNaK solvent was excluded by von Barner et al. in their Raman spectroscopic study at 650°C [22] . In K 2 TaF 7 melt with properties similar to niobium fluorine melts, the presence of TaF 6 -ions was identified by direct IR spectroscopic investigation at 800°C [26] . The presence of NbF 8 3-ions in melts of the LiF -KF -K 2 NbF 7 system was suggested based on complex physico-chemical analysis and IR spectroscopic measurements [4] . In the solidified melts of the LiF -NaF -K 2 NbF 7 system the presence of NbF 8 3-was reported in ref. [17] .
Conclusions
The calorimetric study has shown that at constant temperatures, the molar relative enthalpy of liquids in the KF -K 2 NbF 7 system changes nonlinearly with the change in composition. In the temperature interval considered the enthalpy of mixing shows negative deviation from ideality and decreases with decreasing temperature. This results in positive dissociation enthalpy for the opposite direction of the equation (A). Similar negative deviation from ideality has been described by Daněk et al. [4] and Chrenková et al. [13] in molar excess volume. On the other hand, the excess viscosity with positive deviation resulted in negative enthalpy of dissociation [4, 19] . Maximal mixing effect is located at a composition near to about x(K 2 NbF 7 ) = 0.66. The enthalpy of mixing was determined with uncertainties less than ±0.6 kJ mol -1 at 1058 K, ±1.0 kJ mol -1 at 1140 K and ±1.4 kJ mol -1 at 1208 K. Due to its small values the relative errors are quite large. However, it is obvious that the melts deviate from ideality. Similarly, negative deviation from additivity also shows heat capacity of melts in this system.
The nonideal mixing properties in the system studied may be explained to be due to the tendency to clustering or ccompound formation by mixing. Negative deviation from the ideal behavior indicates that a tendency for compound formation exists in the solution. The formation of NbF 8 3-anions may be responsible for this nonideality. This is in agreement with conclusions of density, viscosity, and surface tension measurements as well as phase analyses and IR spectroscopy, as reported in ref. [4, 10, 13, 17, 19] . The shifting of the strong interaction to the K 2 NbF 7 rich side of the system and the trend of the temperature change of the enthalpy of mixing shows that except dissociation of the NbF 8 3-anions, limited by the dissociation degree, and determined by enthalpy of dissociation, in this system also other processes take place, which may become dominant at higher temperatures. In accord with some spectroscopic studies [25, 26] formation of NbF 6 -anions may be assumed.
